Abstract Projected light patterns are used to induce electrohydrodynamic instabilities in a polymer thin film sandwiched between two electrodes. Using this optically induced electrohydrodynamic instability (OEHI) phenomenon, we have successfully demonstrated rapid, microscale patterning of polydimethylsiloxane (PDMS) pillar arrays on a thin-film hydrogenated amorphous silicon layer on top of an indium titanium oxide glass substrate. This glass substrate is the bottom electrode in a two-electrode, parallelplate capacitor configuration with a micron-scale gap. Within this gap are a thin film of spin-coated PDMS and a thin layer of air. Primary pillar growth is first observed within 5-90 s in the dark regions of the projected patterns and pillar growth eventually spreads to the illuminated regions when the initial PDMS thickness is \2 lm. Experimental data characterizing the change in pillar diameters (between 15 and 30 lm in diameter) show that they can be decoupled from the inter-pillar spacing (maintaining a constant *84 lm pitch between pillar centers) by controlling the applied DC voltage (between 110 and 210 V). Experimental results also show the importance of the optically induced lateral electric field on controlling pillar formation. This OEHI method of rapid pillar generation, with voltage control of the pillar diameter and control of pillar position via projected light patterns, presents new opportunities for low cost, efficient, and simple fabrication of micro, and perhaps nanoscale, polymer structures that could be used in many bioMEMS applications. 
List of symbols
Over the past two decades, surface patterning technology based on control of electrohydrodynamic instabilities (EHDI) has advanced from theory to experimental reality. The operating principle for EHDI can be summarized as follows: When a destabilizing electric field is applied to overcome the stabilizing surface tension, a local perturbation, such as thermal capillary waves, thin-film non-uniformities, defects on the electrodes (Lei et al. 2005) or nucleation sites caused by particle contaminants, will induce a pressure gradient which, in turn, will induce a resulting dielectric flow (Schaffer et al. 2000) .
The scope of research into EHDI initially focused on polymers but has now extended to titanium oxide (Voicu et al. 2007; Kim et al. 2012) , metals (Gill et al. 2008) , and semiconducting organic materials (de Castro et al. 2012) . In order to circumvent the problems associated with high temperatures (such as polymer degradation by thermal oxidation) which arise due to long processing times, methods, such as ''solvent annealing'' (Harkema and Steiner 2005) and low viscosity, photocurable liquids, were introduced into the EHDI process (Dickey et al. 2006) . Localized laser heating also provided an environmentfriendly approach (Lyutakov et al. 2009 ) for EHDI-based fabrication.
Polydimethylsiloxane (PDMS) is an elastomer material, which due to its biocompatibility, mechanical elasticity, optical transparency, and electrical insulation properties (Grilli et al. 2008) , and has been widely used in bioengineering, micro-/nanofluidics (Tai et al. 2011) , soft lithography (Xia and Whitesides 1998) , and micro-/ nanoelectromechanical devices. We chose PDMS (Dow corning Ò , Sylgard-184) for our experiments reported in this paper because it has a glass transition temperature below room temperature and its viscosity can be modulated by changing the pre-cure temperature and time (Go and Shoji 2004; Pattader et al. 2011) .
The polymer pillar structures induced by homogeneous and unpatterned electrodes used in traditional EHDI experiments would self-organize into hexagonal arrays (Chou and Zhuang 1999; Schaffer et al. 2000; Lin et al. 2002) or grow randomly (Wu and Russel 2009) . The randomly generated nucleation sites limit the applicability of this process for patterning polymers over large areas (Lei et al. 2003) . In order to pattern pillars into other shapes and structures, such as arrays of rings (Deshpande et al. 2004) , squares (Deshpande et al. 2001) , rectangles, triangles (Chou and Zhuang 1999; Wu and Russel 2009; Lei et al. 2005 ), or multiscale patterns over large areas, it is necessary to use electrodes with corresponding patterns of protrusions which can generate a heterogeneous electric field. However, the electrode patterns in these aforementioned methods require a complex fabrication process that after which cannot be changed.
Theoretical explanations and experiments associated with microstructure patterning at various thin-film interfaces by EHDI have been previously investigated. For example, various groups have used an electric field which is perpendicular (or normal) to an air/polymer interface (Deshpande et al. 2004; Schaffer et al. 2001) , or a polymer/ polymer interface (Lin et al. 2001) , or an ionic liquid/ polymer interface (Lau and Russel 2011) , or air/polymer/ polymer interfaces (Morariu et al. 2003; Reddy et al. 2012) to create micro-patterns. The interfacial stresses, however, can also be generated by a tangential electric field (Roberts 2009; Melcher 1974) . Using an electric field parallel to an air/polystyrene interface, Salac et al. (2004) obtained randomly distributed islands with different sizes on the surface of a polystyrene film. A theoretical analysis about this surface instability induced by an in-plane electric field has not been well established. In the long wave limit (or lubrication) approximation, however, the tangential (or lateral) electric field is usually neglected in both the perfect dielectric and leaky dielectric models Verma et al. 2005; Wu 2008; Shankar and Sharma 2004; Pease and Russel 2004) . But the effects of the lateral electrical force can be very significant in some situations . However, it can become a complex problem when both the normal and tangential electric fields are considered (Roberts 2009 ). Also, theoretical analysis showed that chemically heterogeneous and patterned substrates could also be used to induce a spatial electric field distribution to obtain the desired pillar array (Srivastava et al. 2010; Atta et al. 2011) .
Herein we present optically induced electrohydrodynamic instability (OEHI) that has the ability to dynamically generate a spatial electric field in situ. Projected light patterns are used to stimulate the photoconductive surface of an electrode. Using this method, we have demonstrated the ability of OEHI to induce local ''nucleation sites'' to control the growth of pillars. The major advantage of this method presented herein is the ability to quickly generate a dynamic electric field in a polymer thin film via simply changing the projected image using a convenient computer program. Our experimental results also demonstrate that OEHI could become a very powerful tool to study electrohydrodynamic phenomena in the microscale/nanoscale. Figure 1 shows an illustration of the OEHI setup used in our experiments. The chip is a parallel-plate capacitor structure and is comprised of two electrodes. The upper electrode is a transparent, conductive indium titanium oxide (ITO)-coated glass. The bottom electrode consists of a photoconductive layer, i.e., hydrogenated amorphous silicon (a-Si:H), on an ITO-coated glass. More specifically, an ITO layer of 120 nm thickness is sputtered onto a 600-lm-thick glass and then 1 lm a-Si:H is deposited onto ITO layer using plasma-enhanced chemical vapor deposition (PECVD). The typical sample configuration used in this study is shown in Fig. 2 . The PDMS, a two-component mixture of an oligomer and a cross-linking agent (mixed in a ratio of 10:1 by weight), was diluted using chloroform (10 % by weight). After passing the diluted solution through a 0.22-lm filter, the PDMS was spin coated onto the a-Si:H covered ITO glass at a low speed of 800 rpm for 18 s and then at a high speed of 8,000 rpm for 60 s. Thin films obtained using these parameters had an average thickness of *1.75 lm, as measured by an atomic force microscope (AFM, D3100, Veeco, USA). The two ITO glass substrates, with the ITO film serving as electrodes, were separated by two aluminum foil strips (with a thickness of 9-12 lm) positioned on two opposite edges. Then, the assembled chip was placed onto a hotplate (Model PC-600D, Corning, USA) at a set temperature of 130°C to pre-cure the PDMS film. Two different pre-cure times were used, either 2 or 6 min. Next, the chip was placed between an optical microscope and a digital projector, as shown in Fig. 1 . The projector, which projects visible light images, and a source meter (Model 2410, Keithley, USA), which applied a DC voltage onto the chip, were simultaneously turned on. When the light image, controlled by the computer, was projected onto the photoconductive layer, the electrical properties (the permittivity and conductivity) of the a-Si:H layer will change (Bakr et al. 2011 ). This will induce a spatially heterogeneous distribution of electric field gradients that was used to induce the EHDI. Hence, the projected light could be used to control the location of the pillar growth sites.
Experimental methods

Experimental process
Experimental results and discussion
In order to demonstrate the capabilities of OEHI for polymer patterning, we used different projected light patterns to control the resulting pillar arrays. The projected patterns include a grid with uniform spacing, concentric rings, and a grid with non-uniform spacing.
Projected light grid with uniform spacing
The projected grid pattern, with uniform center-to-center spacing of the dark areas, used in our experiments is shown in Fig. 3 . The wavelength of the green light used here is 520-565 nm with an intensity of *0.35 W cm -2 . Figure 3a shows the image on a computer screen and b shows the image observed on the chip, as recorded by the CCD camera attached to the optical microscope. Due to optical aberrations, barrel distortion is visible in the projected image. The image pattern is generated from a computer and transmitted to the digital projector (VPL-F400X, Sony, Japan). A condenser lens (CFI LU Plan, ELWD 950, Nikon, Japan) placed between the projector and the chip is used to focus and to collimate the projected light pattern onto the chip. A charge-coupled device (CCD, DH-SV1411FC, DaHeng, China) captures the resulting images of the PDMS being patterned under the optical microscope and records it in a second computer Fig. 2 Schematic diagram illustrating the configuration of the chip used for OEHI and the Cartesian coordinate system used for the theoretical model. Fluid1 is air and Fluid2 is PDMS A comparison of the differences in the growth of the pillars under the illuminated and dark areas is shown in Fig. 4 . The pillars outside the circle area (i.e., the nonilluminated areas in the image, as shown in the inset) appeared in a random manner. However, the pillars, which formed inside the circle, were organized in an ordered array.
Using the grid image shown in Fig. 3 to control the EHDI nucleation sites, we obtained two types of pillar array structures, which are presented in Figs. 5c and 6c. The difference between these two experiments was the precure time. The pre-cure time used in Fig. 5 was 6 min, and in Fig. 6 it was 2 min. They were photographed using an optical microscope (KH-7700, Hirox, Japan). The other images in Figs. 5 and 6 were obtained using a different optical microscope (Zoom 160, OPTEM, USA). Pillars appeared under an optical microscope as a bright center surrounded by a black ring. Similar pillar features were also observed by previous researchers (Deshpande et al. 2001; Pattader et al. 2011; Schaffer et al. 2000) . In Fig. 5c , the pillars have only one size. We call these ''primary pillars.'' However, two sizes of pillars appear in Fig. 6c . The bigger ones, which grew first, are primary pillars. The smaller ones, which grew after the primary pillars, are named ''secondary pillars.'' The growth processes for the pillars in each case are summarized in Figs. 5a, b and 6a, b. The pillars in the center of the projected patterns were in the centers of the non-illuminated areas, but the ones in the surrounding projected areas were biased away from the centers of the dark areas. This is due to optical aberrations such as barrel distortion, as shown in Fig. 3b . However, this only influences the visual observations. The final results in Figs. 5c and 6c show the same measured pillar diameter and spacing between two adjacent pillars. For the process illustrated in Fig. 6a , b, the primary pillars grew in a similar process to Fig. 5a , b. After the primary pillars formed completely, the secondary pillars then appeared in the illuminated areas.
Conventional EHDI process assumes mass conservation of the polymer materials, i.e., all the surrounding polymer material volume will be consumed during the pillar formation process. Hence, a simple equation can be used to relate the pillar diameter D, and the maximum spacing k, between pillars, as shown in this equation:
where H is the distance between the upper and lower electrodes, and h 0 is the initial film thickness Pease and Russel 2004; Wu 2008) . By this relationship, the pillar diameter and spacing are coupled together under a homogeneously applied electric field in the EHDI process. Using OEHI, the pillar spacing can be controlled by the light patterns stimulating the photoconductive layer, which affects the spatial electric field gradient on the chip. Also, the applied voltage is a controllable parameter, which will be shown to control the final pillar diameter. Thus, OEHI allows decoupling of the relationship between the pillar diameter and the inter-pillar spacing and gives us a method to investigate diameter changes, as influenced by the electric field. Mass conservation is preserved because OEHI effectively allows control of how much of the total polymer volume is available for pillar formation. However, at this point, we cannot estimate the final pillar diameter a priori, and hence, experiments must be conducted with various projected patterns in order to understand the relationship between pillars and projected electrode patterns on the final results. The relationship between the pillar diameter and voltage applied onto the chip is illustrated in Fig. 7 . All experimental parameters were the same except for the pre-cure times and voltages. The projected image shown in Fig. 3 is used. When the spacing between two adjacent pillars is constant (*84 lm as shown in Fig. 8 ), the calculated diameter using Eq. 1 shows the diameter also should not change. For each data set, however, the diameter decreased as the voltage increased over a certain range. And, as the applied voltage increased, the growth speed increased, as predicted by lubrication approximations (Pease and Russel 2003) . The increased speed of formation, we believe, accelerated the consumption of the locally available PDMS and the thin film formed discontinuous islands of PDMS, whereby isolating the growth sites from the surrounding PDMS. This resulted in limiting the polymer volume available for pillar growth, thus resulting in smaller pillar diameters at larger applied voltages. When the viscosity of the PDMS was increased by increasing the pre-cure time, the pillar diameters increased under the same voltage as shown in Fig. 7 . As the voltage decreased to a threshold value (*150 V for the 6 min case, *110 V for the 2 min case), the ability to control pillar positions by OEHI decreased because the electrical force became weaker. Below this voltage threshold, the pillars appeared randomly. When the pre-cure time is 2 min, the pillar diameters do not change noticeably when the voltage was below 130 V. The reason may be that the electric field was not large enough to change the pillar diameter, but the lateral Fig. 5 a, b The growth process for primary pillars. The pillars in the center of the projected patterns were in the correct dark areas. However, the pillars at the periphery were biased away due to optical aberrations. Six minutes pre-cure time and 190 V were applied. c The final results photographed using another optical microscope (KH-7700, Hirox, Japan). The scale bar is 80 lm. The distance between pillars is k electric field could still induce (and hence be used to control the position of) the nucleation sites in the dark areas. At the same voltage, the diameters in h were larger than the ones in the D case, which can be explained by mass conservation. For the ''Case 2'' in Fig. 7 , the diameter of the secondary pillars (D s ) was smaller than the diameter of the primary pillars (D p ) under the same voltage. There are two reasons that could explain this phenomenon. One is due to mass conservation, which had been used to explain why the diameters of pillars formed earlier (at the peripheries) were bigger than ones formed later (in the center of the protrusions) under a patterned electrode (Wu and Russel 2005; Lei et al. 2005) . The growth of the ''primary pillars'' will consume most of the available PDMS. The other reason is that there is a change in the electric field distribution due to the effect of the formation of the primary pillars.
As shown in Fig. 8 , the spacing between two adjacent pillars with the same size does not change as the voltage increases. The curves and dotted lines are calculated from the theoretical predictions for pillar spacing (k) under illuminated and dark areas. Two theoretical models, a perfect dielectric model and a leaky dielectric model (Pease and Russel 2003) , are used to predict the trends for the intrinsic pillar spacing. The perfect dielectric model is described by the following equation:
where k max is the maximum wavelength, c is the interfacial tension, e 0 is the permittivity of a vacuum, e 1 is the dielectric constant of air, and e 2 is the dielectric constant of PDMS. w b is the voltage applied onto two fluid layers (air and PDMS). Fig. 6 a, b The growth process for secondary pillars (with smaller sizes). The (larger) primary pillars in a formed in the same way as shown in Fig. 5a , b. After the formation of the primary pillars, secondary pillars began to appear. The pre-cure time used in this experiment was 2 min with a voltage of 190 V. c Photographed using another optical microscope (KH-7700, Hirox, Japan). The scale bar is 80 lm. The distance between pillars is k
The leaky dielectric model derived by Pease and Russel is as follows:
They are shown in blue and red (the upper and lower bounds for the data points), respectively, in Fig. 8 . From  Fig. 8 , we conclude that the OEHI method can reliably control the pillar position and break the intrinsic spacing induced by EHDI due to the fact that the spacing is equal to the distance between two centers of the dark areas, as shown in Fig. 3 , and does not follow the prediction of the EHDI model. This seems to say either that EHDI was constrained by the projected image or the nucleation sites of instability were caused by a light-induced lateral flow.
Another issue to address is why there does not exist any secondary pillars in Fig. 8 when the pre-cure time was 2 min, where only ''primary pillars'' appeared, as shown in Fig. 5c . The PDMS pre-cured for 2 min at 130°C still has some degree of mobility. Due to the fact that the two electrodes were not perfectly parallel to each other, there always exist fluctuations. Also, due to the wettability of the upper ITO electrode, the pillars will move (Pattader et al. 2011) due to the capillary force. The diameters were constant during measurement, but the pillars moved as k was measured. However, our experimental results showed that the patterns containing both ''primary pillars'' and ''secondary pillars'' were self-stabilizing. By taking advantage of this self-stabilizing effect, it was possible to accurately measure the k in this case. Even after 80 min, the structure shown in Fig. 6c did not appear to have any noticeable deformation and movement, as observed via an optical microscope. We believe this is due to the interaction between pillars in this type of array configuration, especially the spacing between pillars, would prevent the pillars from deforming and moving.
Other projected light patterns
In order to further demonstrate that OEHI could be used to disrupt the intrinsic patterns generated via EHDI, we used a projected pattern of concentric rings. As shown in Fig. 9a c, pillars were confined within the dark rings by the light image and self-organized into ''almost'' regular patterns by EHDI. This phenomenon shows the combined influence of OEHI and EHDI mechanisms in producing these pillars around concentric ring patters. The black-colored arrows indicate the movement route of the pillars, as induced by non-parallel electrodes and other sources of fluctuations. But the direction of movement was toward the dark ring areas. This phenomenon proves that a lateral electrical force exists and was applied to the pillars. In Fig. 9d-f , the dark squares are the same size, but look different due to optical distortion, and are separated by different lengths Fig. 7 Variation in pillar diameters versus the voltage applied to the chip. The different symbols and colors correspond to four different data sets: Circle pre-cure temperature and time are 130°C and 6 min, respectively. For this data set, only primary pillars appeared which is marked with ''Case 1.'' Square pre-cure time is 2 min. Each data set of diameters for the same voltage used in triangle and inverted triangle was from one experiment, i.e., primary and secondary pillars appeared in these experiments, which is marked with ''Case 2.'' The pre-cure time was 2 min. ''D p '' and ''D s '' indicate the diameters of the ''primary pillars'' and ''secondary pillars,'' respectively. All diameters were measured using an optical microscope (KH-7700, Hirox, Japan) Fig. 8 Data points from experiments labeled by circle, triangle, and inverted triangle show that the spacing k between pillars is controlled by projected light under different conditions, as shown in Fig. 7 . ''S p '' and ''S s '' defines the spacing between two adjacent ''primary pillars'' and two adjacent ''secondary pillars,'' respectively. Curves and dotted lines are theoretical predictions based on different models (either perfect or leaky dielectric models) with the lubrication approximation for illuminated and dark areas, respectively. Because the spacing of the light-controlled pillars does not change with the change in voltage, the light can be used to control the location of pillar nucleation sites. The fluctuation in k may be due to the difference in the optical focus between each experiment laterally and the same spacing vertically. The sites where pillar grows are set very early in this process as the initial perturbation appeared, which is consistent with the linear stability analyses . The growth of pillars in the dark areas also demonstrated a disruption in the intrinsic EHDI pattern. As the lateral spacing between two adjacent pillars gradually decrease from left to right, the profiles of the pillars growing in the illuminated areas between two primary pillars gradually disappeared, as shown in Fig. 9e . As the spacing becomes smaller, little PDMS remained for pillar growth and a longer time was needed due to the relationship between the pillar formation time and the initial film thickness (Pease and Russel 2003) . Deformation on small scales also requires a large surface energy (Atta et al. 2011) . When the remaining PDMS or surface energy was not sufficient to support pillar growth, cones appeared. They could not reach the upper electrode and evolve into pillars as described by other researchers (Deshpande et al. 2001; Pease and Russel 2004) . When the voltage was removed, the cones disappeared. This phenomenon may explain why there exist two structures like Figs. 5c and 6c, which may be induced by the different h 0 / H (the ratio of initial film thickness and the distance between the two electrodes) for each experiment.
Conclusion
To the best of the authors' knowledge, this is the first reported demonstration of optically induced EHDI. We call Fig. 9 a-c Control of pillar growth by projected concentric light rings. The black arrows indicate the movement route for the pillars. d-f Non-illuminated areas are separated laterally with a gradually decreasing spacing, but the vertical distance is constant. The scale bars for all figures are 80 lm. These two sets of experiments used the same parameters, i.e., the pre-cure time was 2 min and 200 V was applied this method OEHI and have successfully patterned various pillar arrays using various projected light patterns. Initially, we predicted the pillars would appear in the illuminated areas of the light image, since the electric field intensity in the dark areas is lower than that in the illuminated areas. As reported by previous results from other researchers, in EHDI experiments with patterned electrodes, the pillars would appear under the protruding areas which have larger electric field intensity. However, repeated experiments show that the pillars will ''grow'' in dark areas of the projected image first. We speculate that this phenomenon is due to the lateral electric field generated by the OEHI process, which sets a different initial condition for pillar formation compared to the EHDI process. Detailed experimental, theoretical, and FEM analysis will be conducted in the future to determine the role of the lateral electric field in pillar growth and position control. By controlling parameters such as the applied voltage (from 110 to 210 V), the projected light patterns, and the pre-cure time (2 or 6 min at a set pre-cure temperature of 130°C), pillar patterns were generated in predictable locations with pillar diameters between 15 lm and 30 lm and a fixed inter-pillar spacing (k = *84 lm) that was decoupled from the k spacing predicted by a global EHDI analysis. Thus, we have demonstrated and characterized a novel method to create PDMS pillar arrays using optically projected patterns and DC voltage control to determine the final pillar diameter and inter-pillar spacing.
